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Abstract. The identification of marker chromosomes in
clinical and tumor cytogenetics by chromosome banding 
analysis can create problems. In this study, we present a 
strategy to define minute chromosomal rearrangements 
by multicolor fluorescence in situ hybridization (FISH) 
with "whole chromosome painting" probes derived from 
chromosome-specific DNA libraries and Alu-polymer- 
ase chain reaction (PCR) products of various region-spe- 
cific yeast artificial chromosome (YAC) clones. To demon- 
strate the usefulness of this strategy for the characterization 
of chromosome rearrangements unidentifiable by band- 
ing techniques, an 8p+ marker chromosome with two extra 
bands present in the karyotype of a child with multiple 
anomalies, malformations, and severe mental retardation 
was investigated. A series of seven-color FISH experi- 
ments with sets of fluorochrome-labeled DNA library 
probes from flow-sorted chromosomes demonstrated 
that the additional segment on 8p+ was derived from 
chromosome 6. For a more detailed characterization of
the marker chromosome, three-color FISH experiments 
with library probes specific to chromosomes 6 and 8 
were performed in combination with newly established 
telomeric and subtelomeric YAC clones from 6q25, 
6p23, and 8p23. These experiments demonstrated a tri- 
somy 6pter--->6p22 and a monosomy 8pter---~8p23 in the 
patient. The present limitations for a broad application of 
this strategy and its possible improvements are dis- 
cussed. 
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Introduction 
Fluorescence in situ hybridization (FISH) has become a 
powerful tool for studying chromosome aberrations in 
clinical and tumor cytogenetics (for a review, see Lichter 
et al. 1991). Until now, applications of FISH were most 
useful for the detailed evaluation of cases where chromo- 
somes or chromosomal subregions of interest were pre- 
viously known to the investigator or where chromosome 
banding analyses had provided a testable assumption of the 
genetic composition of a marker chromosome. In these 
cases, appropriate DNA probes could easily be chosen for 
FISH. Here, we describe a strategy to define the origin of 
genetic material in marker chromosomes even in cases 
where this origin cannot be resolved by using conven- 
tional chromosome analyses. This strategy is based on re- 
cent advances in multicolor chromosome painting (Neder- 
lof et al. 1990, 1992; Ried et al. 1992a, b; Dauwerse t al. 
1992; Lengauer et al. 1993). 
The feasibility of this strategy is demonstrated for the 
karyotype of a child with a marker chromosome 8p+, 
containing a chromosome segment of previously un- 
known origin. To avoid the time-consuming procedure of 
testing individual whole chromosome painting (WCP) 
probes, multiple color chromosome in situ suppression 
(CISS) hybridization was performed with sets of up to 
seven WCP probes simultaneously. In order to paint all 
24 human chromosome types and to define the chromo- 
somal origin of the segment in question, a maximum of 
four FISH experiments with appropriate combinations of 
WCP probes is required. FISH with yeast antificial chro- 
mosome (YAC) clones mapped to the chromosome in 
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quest ion  can then be appl ied  to def ine the chromosomal  
subregion.  
Materials and methods 
Cell material 
Heparinized blood samples were obtained from a 9-year-old girl 
and from both parents. The girl shows a microcephalus and multi- 
ple other anomalies, including blepharoptosis, a persistent ductus 
Botalli, and stenosis of the pulmonal artery. Psychomotor develop- 
ment has been delayed and the girl is severely mentally retarded. A
detailed description and discussion of the clinical symptoms will 
be presented elsewhere (D. Schindler et al., in preparation) taking 
into account he cytogenetic findings described below. 
Metaphase spreads were prepared from phytohemagglutinin 
(PHA)-stimulated lymphocytes of the proband and both parents. 
Replication banding was carried out according to Dutrillaux et al. 
(1976). 
DNA probes 
Chromosome-specific plasmid libraries from sorted human chro- 
mosomes 1,4, 8, and 13 were kindly provided by Dr. J. Gray (Uni- 
versity of California, San Francisco, CA) (Collins et al. 1991). The 
amplification of these libraries and isolation of plasmid DNA were 
carried out according to standard protocols (Sambrook et al. 1989). 
Biotin-labeled libraries specific for human chromosomes 6 and 8, 
respectively, and generated by the polymerase chain reaction 
(PCR) of sorted chromosomes (Telenius et al. 1992), were kindly 
provided by AGS (Angewandte Gentechnologie Systeme, Heidel- 
berg, Germany). Chromosome-specific l brary DNA probes di- 
rectly labeled with fluorochromes, termed WCP probes, were a 
generous gift from Imagenetics (Naperville, IL). WCP probes for 
chromosomes l, 4, 6, and 9 conjugated to a fluorescein isothio- 
cyanate (FITC) derivative (Spectrum Green) and for chromosomes 
4, 6, 8, 9, and 12 conjugated to a rhodamine derivative (Spectrum 
Orange) were used. Three YAC clones mapped in our laboratory 
were used to define chromosome subregions of interest. Clone 
HTY3103 (human insert size approximately 450 kb) maps to 
6p22-+p23 and 18q23; clone HTY3188 (approximately 250 kb) 
maps to 6q27 and 8p23. Additional weaker signals were observed 
at 1p36, lq41-+q42, lq44, 2q37, 5q35, and l lp15 (A. Jauch, T. 
Cremer, H. Donis-Keller, H. C. Riethman, unpublished data). 
Clone EG8 (human insert size not known) maps to bands lp32, 
lq32, and 6q25 (Lengauer et al. 1993). 
combined with or without YAC probes and precipitated in the 
presence of 100-150 gg Cot-I DNA (Life Technologies, Eggen- 
stein, Germany), 50-100 gg sonicated salmon sperm DNA 
(Sigma, Munich, Germany), and 300 mM sodium acetate. Multi- 
plex probes were resuspended in the hybridization mixture con- 
tained in the Imagenetics WCP probe kit. After 35-65 h incubation 
at 37~ slides were washed three times at 37~ in 2 x SSC (1 x 
SSC = 150 mM NaCI/15 mM sodium citrate, pH 7.0), followed by 
a short wash under tap water; they were then air-dried and 
mounted in 0.1% p-phenylenediamindihydrochloride in glycerol 
(Johnson and Nogueira Araujo 1981). In experiments hat included 
biotinylated YAC probes, slides were washed 3 x 5 min in 50% 
formamide, 1 x SSC at 45~ and 5 min in 2 x SSC at 37~ Bio- 
tinylated probes were detected using avidin conjugated to fluores- 
cein (Vector Laboratories, Heidelberg, Germany). In some experi- 
ments, signals from the biotinylated probes were amplified once as 
described by Pinkel et al. (1986). 
Conventional nd digital fluorescence microscopy 
Cells were viewed with a Zeiss photomicroscope Axiophot 
equipped for epifluorescence, and with a Plan-Neofluar 63x/1.25 
oil objective. Microphotographs were taken on Ektachrome 400 
ASA and Agfachrome 1000 ASA color-slide films. For triple ex- 
posures of color-slide films, the following filters (Carl Zeiss, 
Oberkochen, Germany) were used: filter set 10 (BP 450-490, FF 
510, LP 515-565) for Spectrum Green or FITC, filter set 01 (BP 
365, FT 395, LP 397) for the coumarin derivative (Fluoro-Blue), 
and the double band pass filter set 23 for simultaneous Spectrum 
Green/FITC and Spectrum Orange detection (DBP 485/20, 
546/12; FT 500/560; DBP 515-530, 580-630). 
For digital fluorescence microscopy, the Axiophot was coupled 
to a cooled charge-coupled device (CCD) camera (Photometrics, 
Munich, Germany, equipped with a Kodak KAF 1400 chip). A 
Macintosh Quadra 900 was used for camera control and digital im- 
age acquisation in the "TIFF" format using the software package 
Nu200 2.0 (Photometrics). Separate gray scale fluorescence im- 
ages were recorded for each fluorochrome. In addition to filter set 
09, a filter set consisting of BP 365, FT 395, and BP 450-490 was 
applied for Fluoro-Blue signals, whereas filter set 15 (BP 546, FT 
580, LP 590) was used for Spectrum Orange signals. After chang- 
ing the format of the images from "TIFF" to "PICT", further pro- 
cessing of the images, including merging and pseudocoloring, was 
performed with the software package "Gene Join" as described by 
Ried et al. (1992b). 
Results 
Probe labeling 
Alu-PCR products from YAC clones EG8, HTY3103, and 
HTY3188 were produced as described by Lengauer et al. (1992) 
and nick-translated with biotin-I 1-dUTP. Plasmid library DNAs 
from sorted human chromosomes 1, 4, 8, and 13 were nick-trans- 
lated with coumarin-4-dUTP (Fluoro-Blue, a generous gift from 
Amersham, Buckinghamshire, UK) (Lengauer et al. 1993). 
CISS hybridization and detection 
Prior to C1SS hybridization, slides were pretreated as described by 
Ried et al. (1992c). CISS hybridization was carried out as de- 
scribed by Lichter and Cremer (1992) with the following modifi- 
cations. For each probe, optimum amounts per slide (hybridized 
area 15 x 15 ram) were determined empirically. Imagenetics WCP 
probes were diluted 1 : 10 in 10 mM TRIS HCI/1 mM EDTA, and 
2.5-15 btl of the diluted probe were used. Aliquots of 1-2 pg of 
plasmid DNA libraries were applied. Biotin-labeled Alu-PCR 
products from YAC clone DNA were used at an amount of 80-150 
ng. For combinatorial FISH, probes for various chromosomes were 
Evaluat ion o f  G- and R-type patterns of  prometaphase 
spreads obtained after repl icat ion banding prov ided the 
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Fig. l. Partial karyotype (a G-banding, b R-banding; resolution ap-
proximately 500 bands per haploid set) of the patient showing a 
normal and a derived chromosome 8, together with two normal 
chromosomes 6. The derived chromosome 8 shows an unbalanced 
terminal translocation of two unidentified bands with a breakpoint 
in band 8p23 (arrows). On the basis of chromosome banding 
analyses, the karyotype of the patient was tentatively described as 
46,XX,-8,+t(?;8)(?: :8p23 ---) 8qter) 
Fig. 2. a Human lymphocyte metaphase spread with a normal kary- 
otype (46,XY) after seven-color painting of chromosomes 1,4, 6, 
8, 9, 12, and 13 with fluorochrome-labeled plasmid DNA library 
probes. DNA library probes from flow-sorted human chromo- 
somes were labeled with a single fluorochrome in the case of chro- 
mosome 6 (green), chromosome 12 (red) and chromosome 13 
(blue). Library probes for chromosomes 1, 8, and 9 were labeled 
with two fluorochromes (chromosome 1: blue plus green = 
turquoise; chromosome 8: blue plus red = pink; chromosome 9: 
green plus red = yellow). Chromosome 4 was painted using a 
chromosome-4-specific l brary probe labeled with three fluo- 
rochromes (blue plus green plus red = white), b Lymphocyte 
metaphase spread from the patient after seven-color painting of the 
chromosome set described in a. The pink of chromosome 8 mater- 
ial and the green of the translocated fragment (arrow) suggest hat 
this fragment originated from chromosome 6. e Partial metaphase 
spread from the patient after painting of chromosome 6 with a 
PCR-generated biotinylated chromosome-6-specific library probe. 
Two normal chromosomes 6 and the translocated fragment in the 
der(8) (arrow) are delineated (lower). An adjacent interphase nu- 
cleus' (upper) shows two normal-sized chromosome domains and a 
small domain indicating the interphase domain of the translocation 
fragment (arrowhead). d Partial metaphase spread from the pa- 
tient after three-color FISH, including painting of chromosome 6 
(red) and chromosome 8 (blue). Chromosome painting was com- 
bined with FISH of the YAC clone EG8 (green), which maps to 
6q25 (arrowheads). Additional YAC signals are visible on both 
chromosomes 1 at lp32 and lq32. The arrow points to the trans- 
located segment in the der(8). Note that this segment is not delin- 
eated by YAC-specific sequences, e Metaphase spread from the 
patient after painting of chromosomes 6 (red) and 8 (blue) in com- 
bination with FISH of YAC clone HTY3103 (green), which maps 
to 6p22--~p23 and 18q23. The arrow points to a HTY3103-specific 
signal (green) on the red-painted translocation fragment in the 
der(8), f - i  Red-painted chromosomes 6 (f, g), blue-painted chro- 
mosome 8 (h) and the der(8) (i) from another metaphase spread, as 
described in e, at higher magnification. HTY3103 signals (green) 
are seen on the two normal chromosomes 6 (red) and the translo- 
cated fragment (red) in the der(8) (i arrow). The results shown in 
e--i demonstrate hat this fragment was derived from 6p23--)6pter. 
j -m Red-painted chromosomes 6 (j, k), blue-painted chromosome 
8 (l) and the der(8) (m) from a metaphase spread of the patient 
with additional FISH of YAC clone HTY3188 (green signals). 
This clone maps to 6q27 (j, k) and 8p23 (1). Note: the band local- 
ization of the three YACs was confirmed by FISH to G-banded 
and/or 4,6-diamidino-2-phenyl-indole (DAPI)-banded metaphase 
spreads (not shown). Hybridization signals from this clone are not 
seen on the der(8) chromosome (m) in this and other metaphase 
spreads. This result independently confirms (1) that the transloca- 
tion fragment (arrow) does not include material from 6qter, and 
(2) that a region 8p23---~8pter is lacking from the der(8). Mi- 
crophotographs on color-slide films shown in a-e were obtained 
with the Carl Zeiss Axiophot microscope. Single (e) or triple ex- 
posures (a, b, d, e) were performed using appropriate filter sets. 
Images in f-in show digitized pseudo-colored chromosome images 
recorded with a CCD camera and photographed from the screen 
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tentative karyotype 46,XX,-8,+t(?;8)(?: :8p23--~8qter) for 
the proband, whereas both parents howed normal karyo- 
types. The origin of the two extra bands on the derivative 
chromosome 8 could not be identified (Fig. 1). CISS hy- 
bridization revealed that chromosome material distal to 
band 8p23 in the derivative chromosome 8 was not 
painted with the chromosome 8 library probe (data not 
shown). In an attempt to identify the origin of the translo- 
cation fragment, combin~itorial FISH was applied to paint 
subsets of up to seven chromosome types in different col- 
ors, simultaneously. For multiple color painting of chro- 
mosome spreads from the affected girl, two combinations 
of chromosome-specific library DNA probes covering 
a total of 11 chromosomes had to be tested until the de- 
sired information was obtained. One combination painted 
chromosomes 2, 3, 7, 8, and 16, but not the fragment 
(data not shown). The other combination (for chromo- 
somes 1, 4, 6, 8, 9, 12, and 13) yielded green painting of 
the translocated chromosome fragment (Fig.2b). For 
comparison, Fig.2a shows a normal lymphocyte meta- 
phase spread (46,XY) with differently painted chromo- 
somes 1, 4, 6, 8, 9, 12, and 13. Based on the labeling 
scheme given in Fig. 2a, the green color of the fragment 
suggested that the material was derived from chromo- 
some 6, which was painted by Spectrum Green only. Ac- 
cordingly, intense painting of the fragment was recog- 
nized using an appropriate FITC filter set. Chromosome 
8 material of the marker chromosome was painted by a 
combination of Spectrum Orange and the coumarin de- 
rivative, and it was difficult to decide unequivocally by 
direct microscopic observation whether the fragment 
showed additional coloring with either Spectrum Orange 
(indicating chromosome 9 material) or Fluoro-Blue (indi- 
cating chromosome 1 material). For an unequivocal deci- 
sion between these possibilities, CISS hybridization was 
separately performed with library probes specific for 
chromosomes 1, 6, and 9. These experiments demon- 
strated that the fragment was derived from chromosome 6 
(Fig. 2c). With respect to the possibility of a terminal 
translocation event, YAC clones providing signals on 
6q25 and 6p22---~p23, respectively, were chosen in an at- 
tempt to narrow down the origin of the fragment. Three- 
color FISH was performed with Alu-PCR products from 
each clone combined with library probes specific for 
chromosomes 6 and 8 (see legend to Fig. 2 for details of 
the labeling scheme). YAC clone EG8 localized to 6q25 
(and to lp32 and lq32) showed the expected signals 
on chromosomes 1 and 6 of the patient, but did not 
hybridize to the 8p+ chromosome. In contrast, YAC clone 
HTY3103, which maps to 6p22---~p23 (and 18q23) as 
confirmed in lymphocyte metaphase spreads of both par- 
ents, yielded a strong signal on the 8p+ chromosome, in
addition to the expected signals on the normal chromo- 
somes 6 and 18 of the patient (Fig. 2e, i). YAC clone 
HTY3188, which maps to 6q27, 8p23 (and several other 
chromosomes, ee Materials), hybridized to the expected 
sites in the normal chromosomes 6 and 8 of the patient 
(Fig. 2j-l), but not to the marker chromosome (Fig. 2m). 
This finding independently ruled out a terminal 6q 
translocation (see above) and at the same time indicated 
the loss of terminal 8p material in the marker chromo- 
some. Based on this analysis the karyotype was refined 
as: 46,XX,-8,+t(6;8)(6pter--)6p22::8p23--~8qter). 
Discussion 
This study demonstrates the feasibility of using multiple 
color FISH (Nederlof et al. 1990, 1992; Wiegant et al. 
1991; Ried et al. 1992a, b, c) with WCP probes and AIu- 
PCR generated probes from various YAC clones to iden- 
tify rapidly the origin of a small unbalanced chromosome 
translocation. Using this approach, a trisomy 6pter---~6p22 
combined with a small terminal deletion 8p23---~8pter has 
been unequivocally demonstrated in a girl with a 8p+ 
marker chromosome showing severe mental retardation 
and multiple anomalies. The origin of two additional 
chromosome bands in the marker chromosome had re- 
mained elusive after conventional chromosome banding 
analysis. In retrospect, several symptoms of the patient, 
especially blepharoptosis, are consistent with the clinical 
features described for other patients with a 6p2 trisomy 
(for a review, see de Grouchy and Turleau 1984). Addi- 
tional anomalies, such as a small skull, have been de- 
scribed as a prominent feature of 8p2 monosomy (de 
Grouchy and Turleau 1984). It can be expected that the 
characterization of small unbalanced chromosome seg- 
ments by multicolor FISH with WCP and region-specific 
probes will become indispensable in the future for im- 
proving the diagnosis of chromosomal syndromes. A de- 
tailed discussion of clinical genetic aspects, including the 
differential diagnosis of other chromosomal syndromes 
with a similar set of anomalies and malformations will be 
presented elsewhere (D. Schindler et al., in preparation). 
Because of the frequency of terminal translocations or
deletions, a series of YAC clones or cosmid clones defin- 
ing specific chromosome ends will become of particular 
importance in the development of this technique (Ledbet- 
ter 1992a). Telomeric YACs contain subtelomeric repeti- 
tive sequences that may be present in variable copy num- 
bers on different chromosomes (IJdo et al. 1992). Such 
polymorphisms may obscure the interpretation of FISH 
experiments. To avoid any danger of misinterpretation, it 
is best to hybridize telomeric YAC clones to chromosome 
preparations of the patient and both parents. 
For broad applications in clinical and tumor molecular 
cytogenetics, a large set of YAC clones is required cover- 
ing the whole chromosome complement. Each clone 
should yield a unique signal on a given chromosome band 
with high reproducibility both on metaphase chromo- 
somes and in interphase nuclei. The realization of such a 
goal should allow us to construct multiplex probes opti- 
mally tailored for specific diagnostic problems and can be 
envisaged as an international effort within the ongoing 
Human Genome Initiative. The number of commercial- 
ly available probes conjugated with appropriate haptens 
or even directly with fluorochromes i steadily increas- 
ing, and will greatly facilitate the introduction of mul- 
tiple color FISH in cytogenetic laboratories lacking the 
equipment or the experience required for probe prepara- 
tion and complex detection schemes (Ledbetter 1992b). 
By applying FISH with multiplex probes prepared from 
531 
sets of  YAC clones, we have started to construct new 
types of colored chromosome staining patterns, termed 
chromosomal  bar codes (Lengauer et al. 1993). 
In addit ion to improved studies of  chromosomal  syn- 
dromes, the strategy presented in this paper should be- 
come particularly useful for the rapid identif ication of 
mult iple rearrangements in tumor cells. When the number 
of  metaphase spreads available for analysis is severely 
l imited, which is often the case in tumor material, two 
possibi l it ies may be considered in order to perform a com- 
prehensive analysis. (1) Digital f luorescence microscopy 
based on ratio imaging provides the possibi l i ty of increas- 
ing further the number of targets that can be simultane- 
ously painted in different colors (Nederlof  et al. 1992; 
Dauwerse et al. 1992; du Manoir  et al. 1993). Ratio imag- 
ing with four spectral ly separable f luorochromes hould, 
in near future, al low the discr imination of all 24 human 
chromosome types in different colors in a single F ISH ex- 
periment. (2) Several F ISH experiments may be carried out 
with the same few metaphase spreads, i f  different probe 
sets are applied sequentially (Heslop-Harrison et al. 1992). 
A new approach to studying genetic imbalances, 
termed comparat ive genomic hybridizat ion (CGH), has 
recently been described (Kal l ioniemi et al. 1992; du 
Manoir  et al. 1993). For  CGH, genomic DNA prepared 
from a cl inical or tumor specimen (test genome) is modi-  
f ied with a hapten (e.g. with biotin), whereas genomic 
DNA prepared from cells with normal chromosome com- 
plements (46,XY or 46,XX) is labeled with a different 
hapten (e.g. digoxigenin). Labeled test and control ge- 
nomic DNA are mixed (1 : 1), and used as a probe to paint 
metaphase spreads with normal chromosome comple-  
ments (46,XX or 46,XY). Fol lowing detection of  the two 
haptens with two f luorochromes, such as F ITC and 
tetraethylrhodamine sothiocyanate (TRITC), the ratios of 
F ITC/TRITC f luorescence intensities can be measured 
along each normal chromosome. These ratios reflect the 
copy numbers of  chromosomes or chromosomal  segments 
present in the test genome (Kal l ioniemi et al. 1992; du 
Manoir  et al. 1993; our own unpubl ished ata). Whereas 
CGH provides a powerful  approach for the detection of  
genetic imbalances, the sensitivity of  CGH in detecting 
partial chromosome gains and losses is not yet clear (Kal- 
l ioniemi et al. 1992; du Manoir  et al. 1993). 
Mult iple color F ISH with WCP probes and subregional 
DNA probes ideal ly complements chromosome banding 
and CGH. It can be used for the independent conf irmation 
of  f indings obtained by the two other approaches and to 
study the breakpoints involved in chromosomal  re- 
arrangements at much higher resolution. Finally, it should 
be emphasized that both chromosome banding and multi-  
ple color F ISH with mult iplex probes can be used to iden- 
tify marker chromosomes at the single cell level, and thus 
can be appl ied to detect clonal berrations present in only 
a few cells. In contrast, CGH can only detect genetic im- 
balances consistently occurring in the majority of  cells 
from which test genomic DNA is prepared. It provides 
neither information on the presence of  balanced chromo- 
some rearrangements nor details of  the way in which 
chromosome segments involved in gains and losses are 
arranged in marker chromosomes. 
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